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Abstract

Unstable water injection is widely used in low-permeability shale oil reservoirs, but its per-
formance under the combined effects of stress sensitivity and threshold pressure gradient
remains uncertain. This study aims to determine how these two mechanisms jointly affect
unstable water injection performance and to optimize the switching timing and half-cycle
period. Core-scale stress sensitivity and flow experiments were conducted, and the results
were incorporated into reservoir simulation using the ROCKTAB and Threshold Pressure
keywords in Eclipse, enabling a coupled numerical modeling approach. The simulation
results indicate that both stress sensitivity and threshold pressure gradient significantly
affect ultimate recovery, with stress sensitivity exerting a considerably greater influence.
Among the half-cycle scenarios evaluated, a 15-day half cycle yields the best development
performance, and longer half cycles are associated with reduced stimulation effects. Ex-
tended shut-in periods cause greater formation pressure fluctuations, which may induce
additional stress-sensitive damage and impair well productivity. These findings provide
practical guidance for designing unstable water injection strategies in low-permeability
shale reservoirs. Among the discrete cases simulated, the optimal timing for switching from
continuous to unstable water injection is when the water cut reaches 25%, although this
value is case-specific; conversion at water cut beyond this threshold leads to progressively
diminished oil response.

Keywords: stress sensitivity; threshold pressure gradient; periodic-unsteady injection; half
period; reservoir numerical simulation; shale oil

1. Introduction
Qianjiang sag in Jianghan Basin is rich in shale oil resources, which is the main area of

exploration and development in recent years [1,2]. The reservoir in this area is characterized
by complex lithology, strong heterogeneity, and well-developed multi-scale fractures [3].
In the Tankou Oilfield, water injection rate significantly influences the distribution of
water-driven oil [4]. However, the reservoir shows characteristics of low porosity and
low permeability.

A large number of laboratory tests and development practices show that there are
serious stress sensitivity and threshold pressure gradient phenomena in the development
process of low-permeability reservoirs [5–10]; especially in the process of depressurization
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development, the pore throat, as a fluid percolation channel, will undergo certain compres-
sion deformation under the action of effective stress, resulting in the reduction in reservoir
rock permeability [11,12]. Stress sensitivity is particularly prominent, especially in shale
reservoirs [13]. Recent studies have further developed the stress-dependent permeability
model by introducing fractal geometry theory [14] and quantitatively evaluating the stress
sensitivity of shale reservoirs [15]. The cyclic stress-induced permeability variation has also
been investigated for underground gas storage applications [16]. Permeability evolution
during CO2 injection has been systematically analyzed [17], while hydraulic fracturing
stress measurements in deep low-permeability reservoirs have been evaluated [18]. Cou-
pled models considering both stress sensitivity and threshold pressure gradient have been
established [19].

Water injection development is a commonly used means of developing low-permeability
reservoirs, but continuous water injection development usually encounters the contradic-
tion of ‘unable to inject, unable to recover’. Unstable water injection can well alleviate
this problem. Therefore, unstable water injection is widely used in the development of
low-permeability reservoirs [20–23]. There are many numerical simulation studies on
unstable water injection [24–29], but the effects of stress sensitivity and starting pressure
gradient on development are basically not considered at the same time. However, existing
advanced coupled geomechanics and flow models have mainly addressed stress-dependent
permeability and threshold pressure gradient separately or under continuous injection. The
novelty of this work is to couple both mechanisms simultaneously in cyclic water injection
simulations and to compare the results with models that neglect one or both mechanisms.
In the numerical simulation of low-permeability reservoirs, the proper implementation of
threshold pressure gradient is critical. The influence of movable water on the gas-phase
threshold pressure gradient in tight gas reservoirs has been analyzed [30], providing a basis
for accurate model setup.

In this study, based on the core stress sensitivity experiment and core percolation
experiment, the characteristics of stress-dependent permeability and threshold pressure
gradient of the target shale reservoir were systematically characterized. The experimental
results were then incorporated into the reservoir numerical simulator by introducing the
ROCKTAB and threshold pressure keywords in Eclipse, enabling a coupled simulation
approach that accounts for both mechanisms simultaneously. Numerical models under
different development schemes—including continuous water injection and unstable water
injection with varying switching timing and half-cycle periods—were established and
compared. The research findings provide practical insights into optimizing cyclic water
injection strategies, mitigating stress-sensitive damage, and improving oil recovery in
low-permeability shale reservoirs.

2. Method
2.1. Establishment of Geological Model

In order to isolate the influence of stress sensitivity and threshold pressure gradient
on the productivity of unstable waterflooding, a deliberately simplified homogeneous
single-porosity conceptual geological model is established based on the Jianghan Basin
shale oil reservoir; this model does not represent the multi-scale fractures and strong
heterogeneity described in the introduction, so the results are interpreted as mechanism-
sensitive indicators rather than field-representative predictions. Choose Eclipse black-oil
simulator to build the grid of 120 × 120 × 5, and the grid steps in the x, y and z directions are
10 m, 10 m and 2 m respectively. Other basic parameters of the model are shown in Table 1.
The geological model is the inverted nine-point well pattern, including 4 well groups, and
the injection production well spacing is 300 m; closed no-flow external boundaries are
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imposed, and boundary effects are minimized by comparing only interior wells away from
the model edges.

Table 1. Basic parameters of model.

Item Detail

Reservoir top depth/m 2000
Original formation pressure/MPa 26

Effective thickness/m 10
Rhythmicity Synrhythmic

Average porosity of formation 0.115
Compressibility coefficient/MPa−1 0.00013

Equilibrium region numbers 5

Horizontal permeability/mD 15/20/25/20/15
(for region 1, 2, 3, 4, and 5)

Ratio of vertical and horizontal
permeability 0.1

Formation crude oil viscosity/mPa·s 14.10
Formation water viscosity/mPa·s 0.28

Volume factor of crude oil 1.26
Formation crude oil density kg/m3 780.70

Initial water saturation, Swi/fraction 0.35
Relative permeability model Oil–water two-phase Corey model

t
Bubble point pressure/MPa 11.2

Solution gas–oil ratio/m3/m3 60.5

Boundary conditions

Outer boundary: no-flow; top/bottom:
no-flow; inner boundary: constant

bottom-hole pressure (10 MPa) or constant
oil rate

Well completion information
Vertical producer; perforated interval

2000–2010 m; wellbore radius 0.1 m; skin
factor 0

Simulation duration 10,950 days (30 years); initial time step 1
day, maximum time step 30 days

2.2. Stress Sensitivity Processing

The real core of the salt shale oil reservoir in Jianghan Basin was used for the stress
sensitivity test; compressed air was used as the test gas, and the measured gas permeabilities
were corrected for gas slippage using the Klinkenberg correction to obtain equivalent liquid
absolute permeabilities before determining stress sensitivity; however, the mean pore
pressures, slippage factor b, and corrected versus uncorrected values are not reported, so
it cannot be confirmed whether Figure 1, Table 2, and the ROCKTAB multipliers were
recomputed from the corrected values. The test temperature was 25 ◦C. The original
formation pressure is 25 MPa, and the core porosity and permeability are measured in the
initial state (when the net confining pressure is 0 MPa). In order to more truly reflect the
stress sensitivity phenomenon in the process of oil and gas field development, the stress
sensitivity of the core was tested by changing internal pressure and holding the confining
pressure unchanged. Throughout the experiment, the constant confining pressure was
25 MPa, and the internal pressure decreased from 25 MPa to 0 MPa and then recovered
to 25 MPa. The experiment process was strictly in accordance with national technical
standards [31,32]. Core parameters are shown in Table 3. Only core #1 remained intact after
the porosity and permeability test; therefore, the representativeness of the measured curves
for the reservoir-scale model could not be confirmed with additional cores.
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Figure 1. Influence of stress sensitivity on permeability and porosity.

Table 2. Set of ROCKTAB keywords.

Inner Pressure
(MPa)

Porosity Conductivity
Multiplier

Permeability Conductivity
Multiplier

0 0.9631 0.0894
5 0.9618 0.1373
10 0.9669 0.2043
15 0.9732 0.2980
19 0.9819 0.4078
22 0.9892 0.5882
25 1.0000 1.0000
26 1.0000 1.0000
28 1.0001 1.0001

Table 3. Physical properties of core samples.

Core No. Diameter (cm) Length (cm) Porosity (%) Permeability
(mD)

1 2.48 3.38 14.20 25.51

2 2.48 4.68 13.80 21.78

3 2.48 3.99 12.53 14.78

4 2.48 4.52 12.68 16.19

5 2.48 5.03 13.14 18.25

2.3. Threshold Pressure Processing

In the process of shale oil reservoir development, the threshold pressure gradient
cannot be ignored. The test steps are strictly in accordance with the relevant industry
technical standard[33]. In order to more truly reflect the impact of threshold pressure
gradient on oil productivity, the percolation experiment was carried out on core #1. Because
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stress sensitivity and threshold pressure measurements are based on a single core (core #1,
25.51 mD, the highest-permeability sample in Table 3), these measured values are applied
to all five equilibrium regions (15–25 mD) without additional core-based justification; this
extrapolation is listed in the Limitations. The main steps are as follows:

Step 1: Saturate the core with saline (mineralization 29,884 mg/L).
Step 2: Measure the relationship curve between the saline flow rate of the core and the

injection production pressure difference in the core holder.
Step 3: After step 2, the simulated oil with viscosity of 14.10 mPa·s is used to drive wa-

ter at the flow rate of 0.1 mL/min in the linear percolation zone until no water is produced.
Because the reservoir model uses oil with a viscosity of 14.10 mPa·s, the measured threshold
pressure gradient was applied directly to the reservoir model without viscosity scaling,
and its effect on the 1.05% recovery reduction attributed to TPG is therefore not quantified.

Step 4: Start displacement from the flow rate of 0.01 mL/min, record the inlet and
outlet pressure of the core holder, and gradually increase the flow rate after the pressure is
stable until the Darcy percolation curve of oil is measured.

Step 5: After step 4, use CO2 to drive oil at a flow rate of 0.1 mL/min (in the linear
percolation area) until no oil is produced.

Step 6: Start displacement from the flow rate of 0.01 mL/min, record the inlet and
outlet pressure of the core holder, and gradually increase the flow rate after the pressure is
stable until the Darcy percolation curve of CO2 is measured.

3. Results
3.1. Stress Sensitivity

The results of core stress sensitivity test are shown in Figure 1. It can be seen from
the Figure that the decline in permeability is much greater than that of porosity in the
process of internal pressure reduction. When the net effective overburden pressure returns
to the original state, the final loss rate of permeability is 69.412%, and the final loss rate of
porosity is 1.405%, indicating the permeability sensitivity of this core is strong. In addition,
in the process of depressurization development, the sensitivity of permeability to stress
is much greater than that of porosity. After correction for gas slippage, the maximum
decrease in permeability is 91.06%, and the maximum decrease in porosity is only 3.69%;
the residual uncertainty associated with the use of compressed air is not assessed, so the
reported decline cannot be confirmed as being dominated by stress sensitivity rather than
an apparent Klinkenberg effect.

Permeability retention coefficient and porosity retention coefficient are defined
as follows:

∆k =
ki
ko

(1)

∆φ =
φi
φo

(2)

where ∆k and ∆φ are permeability and porosity retention coefficient respectively; ko and φo

are permeability and porosity under initial conditions respectively; ki and φi are permeabil-
ity and porosity under different internal pressure conditions respectively.

In order to simulate the effect of stress sensitivity on productivity during depressuriza-
tion development, the ROCKTAB keyword is introduced into Eclipse reservoir numerical
simulation software. In Table 2, the first column is the internal pressure value, the sec-
ond column is the porosity conductivity multiplier corresponding to the first column of
internal pressure data, and the third column is the permeability conductivity multiplier
corresponding to the first column of internal pressure data. In the corner grid system,
when the parameters such as the contact area of two adjacent grids remain unchanged, the
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conductivity multiplier can be regarded as the retention coefficient of porosity and per-
meability. The relationship between the retention coefficient of porosity and permeability
and internal pressure calculated from the core #1 is shown in Figure 2. Using the stress
sensitivity test results of core #1, the keyword ROCKTAB is set as shown in Table 2. ROCK-
TAB assigns porosity and permeability multipliers as functions of instantaneous internal
pressure and therefore does not distinguish reversible from irreversible stress damage, so
the experimentally observed hysteresis is represented only by using the depressurization
branch and not the pressure-recovery branch (Figure 2). For example, when the internal
pressure decreases from 25 MPa to 5 MPa, the porosity becomes 96.18% of the original
porosity, and the permeability becomes 13.73% of the original permeability.

Figure 2. Influence of internal stress on permeability and porosity.

3.2. Threshold Pressure Determination

The core percolation curves measured under different displacement media conditions.
From the pseudo stable flow section of the oil phase percolation curve, the pseudo threshold
pressure gradient of the core is about 0.0096 MPa/m (9.6 × 10−5 MPa/cm); this value is
obtained from the intercept of the pseudo-linear flow segment of the oil phase curve. In
the process of numerical simulation, the threshold pressure is simulated by introducing
the keyword Threshold Pressure. The meaning of this keyword is that the fluid flow
between the two regions can be realized only when the pressure difference between the
two regions reaches or exceeds the threshold pressure. There is no threshold pressure for
the flow of fluid between grids with the same number of balance zones, whereas there is
threshold pressure for the flow between any adjacent balance zones with different numbers
of balance zones. For example, the threshold pressure gradient measured according to the
core percolation experiment is about 0.0096 MPa/m (Figure 3). The threshold pressure
of the grid where the equilibrium zone is located mainly depends on two points: the
distance between the two equilibrium zones and the threshold pressure gradient. In
Eclipse, the Threshold Pressure keyword imposes a minimum pressure difference for inter-
cell flow between different equilibrium regions; therefore, the grid size and zoning pattern
directly determine the numerical threshold value, and no sensitivity analysis is provided
for the rounding from 0.0096 MPa/m to 0.576 MPa; since the distance between the two
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balance zones is 60 m and the threshold pressure difference between a single balance zone
is 0.576 MPa, the threshold pressure between the two balance zones is set to be 0.576
MPa. The distance from the center well to the side well of the numerical model is 300
m. According to this calculation, the threshold pressure difference between injection and
production wells is 2.88 MPa.

Figure 3. Percolation curves of different fluids of core #1.

In the base model, only the threshold pressure of the flow in the plane is considered,
and the threshold pressure in the longitudinal direction is ignored to reduce computa-
tional cost; however, because the vertical-to-horizontal permeability ratio is 0.1, vertical
threshold pressure may still influence pressure redistribution during shut-in periods; no
vertical-direction sensitivity analysis is provided for this simplification. Figure 4 shows the
condition that the oil layer is homogeneous in the plane (in a certain region, numerical sim-
ulation usually adopts this treatment method). If it is the condition of plane heterogeneity,
then each simulated grid block can only be zoned and numbered. The numerical simulation
takes the injection well as the center to divide the numerical model of the injection produc-
tion unit into five equilibrium zones (Figure 4, Table 4); the threshold pressure required for
the fluid to flow from the equilibrium zone in the first column to the equilibrium zone in
the second column is 0.576 MPa. The balanced zoning method can ensure that the threshold
pressure difference in the injected fluid flowing to the surrounding production wells is
equal, so as to realize the simulation of plane homogeneity.

Table 4. Setting of threshold pressure.

Direction of Equilibrium Zones Threshold Pressure Between
Equilibrium Zones/MPa

1→2 0.576
2→3 0.576
3→4 0.576
4→5 0.576

https://doi.org/10.3390/pr14193193
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Figure 4. Dividing of partition equilibrium.

3.3. Effect of Stress Sensitivity and Threshold Pressure Gradient on Productivity

Based on the same geological model, different development methods are established,
including continuous water injection model, continuous water injection model considering
threshold pressure gradient, continuous water injection model considering stress sensitivity
and continuous water injection model considering both stress sensitivity and threshold
pressure gradient. Compared with the basic model, the continuous water injection model
is established. In order to reduce the impact of stress sensitivity on productivity in the
simulation process, the oil well is produced with a constant bottom flow pressure of 20 MPa,
and the economic limit is set. When the water content of a single well exceeds 98%, the oil
well will shut in automatically. The simulation results are shown in Figure 5. The water
injection well is injected with a constant injection volume of 40 m3/d in the continuous
case; in the unstable water injection cases, the injection rate during the injection half cycle is
doubled to 80 m3/d so that the average injection rate over an entire cycle remains 40 m3/d,
ensuring equivalent total injected volumes across all cases.

The existence of stress sensitivity and threshold pressure gradient has a significant im-
pact on the final recovery, and the impact of stress sensitivity on productivity is significantly
higher than that of threshold pressure gradient. When only considering stress sensitivity,
the final recovery factor is reduced by 2.05%. When only the threshold pressure gradient
is considered, the final recovery factor is reduced by 1.05%. Therefore, stress-sensitive
damage should be avoided in the actual shale oil reservoir development. When threshold
pressure and sensitivity exist at the same time, the final recovery factor is reduced by 3.35%,
which is 0.25 percentage points greater than the simple sum of the individual reductions
(2.05% + 1.05% = 3.10%); this non-linear interaction is likely caused by stress-dependent
permeability reducing local pressure propagation and thereby increasing the effective
threshold pressure gradient.
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Figure 5. Influence of stress sensitivity and threshold pressure gradient on production.

4. Discussion
4.1. Optimization of Unstable Water Injection Timing

This study adopts symmetrical unstable water injection, that is, the water injection
time is equal to the stop time. According to the empirical formula of unstable water injection
half cycle, the half cycle is about 24.4 days. For convenience of calculation, the half cycle is
taken as 1 month. Under the condition that stress sensitivity and threshold pressure exist
at the same time, in order to determine the optimal time to switch from continuous water
injection to unstable water injection, seven simulation schemes are established respectively,
as shown in Table 5.

Table 5. Settings of unstable water injection cases.

Simulation
Scheme Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 Scheme 6 Scheme 7

Turn to unstable
water injection

opportunity

Continuous
water

injection
fw = 0% fw = 10% fw = 25% fw = 50% fw = 75% fw = 90%

Injection volume of
single well/m3/d 40 80 80 80 80 80 80

The simulation results of each scheme are shown in Figure 6. The effect of unstable
water injection development is significantly better than that of continuous water injection
development. There is an optimal time to convert to unstable water injection. When
the water content exceeds 25%, the later the time to turn to unstable water injection, the
worse the production increase effect. The simulation results show that, among the discrete
water-cut switching cases tested and in the absence of field history matching or grid-
refinement validation, the 25% water-cut case gives the highest recovery increase relative to
continuous water injection and the largest cumulative oil production increment; this value
is case-specific rather than a validated field optimum.
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Figure 6. Comparison of stimulation result for different water-cut timing converting to unstable
water injection.

4.2. Optimization of Unstable Water Injection Half Cycle

In order to determine the optimal unstable water injection half cycle under the condi-
tion of simultaneous existence of stress sensitivity and threshold pressure gradient, seven
simulation schemes are set up respectively, as shown in Table 6. Except for the continuous
water injection scheme, the time for scheme 2–7 to convert to unstable water injection is
when the water cut of the whole region reaches 25%.

Table 6. Half-period injection time of different cases.

Simulation
Scheme Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 Scheme 6 Scheme 7

Half cycle/d
Continuous

water
injection

15 30 45 60 75 100

Injection volume of
single well/m3/d 40 80 80 80 80 80 80

Compared with continuous water injection, the recovery efficiency of different half
cycle schemes has increased, but the increase degree is different. The recovery efficiency
increase degree and cumulative oil production increment in the development scheme with
a half cycle of 15 days are the highest among the cases simulated Figure 7; because the
model has not been validated against field data or tested by grid refinement, this result is
model-dependent and should not be taken as a general optimum without further validation.
Under the same other conditions, the interval time of long half cycle is long, and the oil
well produces with constant bottom-hole flowing pressure, resulting in large fluctuations in
formation pressure (Figure 8). The numerical model does not include capillary imbibition;
therefore, the half-cycle optimum reflects only the pressure fluctuation/stress sensitivity
trade-off. The experimental data shows that the stress sensitivity of this model is strong,
so the long half cycle water injection method is expected to cause greater stress sensitiv-
ity damage than the short half cycle water injection method, resulting in the decline in
stimulation effect.
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Figure 7. Comparison of stimulation results for different half-cycle duration injection cases.

Figure 8. Comparison of pressure change for different cases.

4.3. Limitations

The following analyses were not performed in this study, and the corresponding
findings should be interpreted accordingly: additional core testing to confirm the repre-
sentativeness of core #1; quantitative verification of the Klinkenberg correction; viscosity
scaling of the measured threshold pressure gradient; sensitivity analyses for threshold
pressure rounding and vertical threshold pressure.

5. Conclusions
(1) The results of core stress sensitivity experiment and core percolation experiment are

applied to reservoir numerical simulation by introducing the keywords ROCKTAB
and Threshold Pressure into Eclipse, and a numerical simulation research method of
shale oil reservoir considering both stress sensitivity and threshold pressure gradient
is realized.
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(2) The existence of stress sensitivity and threshold pressure gradient has a significant im-
pact on the final recovery. When only considering stress sensitivity, the final recovery
is reduced by 2.05%. When only the threshold pressure gradient is considered, the
final recovery factor is reduced by 1.05%. When the threshold pressure and sensitivity
both exist, the final recovery factor is reduced by 3.35%.

(3) The effect of unstable water injection development is significantly better than that of
continuous water injection development, and there is an optimal time to convert to
unstable water injection. Among the discrete water-cut switching cases tested and in
the absence of field history matching or grid-refinement validation, when the water
cut of the whole area reaches 25%, the recovery rate of unstable water injection is the
highest relative to continuous water injection; this value is case-specific. When the
water cut exceeds 25%, the later the time to turn to unstable water injection, the worse
the production increase effect.

(4) Compared with continuous water injections, the recovery efficiency of different half
cycle schemes has increased, but the degree of increase is different. Among the sim-
ulated cases, the development scheme with a half cycle of 15 days has the highest
degree of recovery increase and cumulative oil production increment; because cap-
illary imbibition is not included in the model, this result reflects only the pressure
fluctuation/stress sensitivity trade-off. With the increase in half cycle, the increase
degree of recovery decreases, and the short half cycle development mode is slightly
better than the long cycle development mode. The long half cycle interval time is
long, easily causing large formation pressure fluctuations, and will cause greater
stress-sensitive damage to the reservoir with strong stress sensitivity, resulting in the
decline in stimulation effect.
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Nomenclature

TPG threshold pressure gradient
ROCKTAB Eclipse keyword for stress-dependent rock compaction tables
EOR enhanced oil recovery
PVT pressure–volume–temperature
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GOR gas–oil ratio
Swi initial water saturation
∆k permeability retention coefficient
∆φ porosity retention coefficient
ko permeability under initial condition
φo porosity under initial condition
ki permeability under different internal pressure conditions
φi porosity under different internal pressure conditions
fw water content ratio in liquid output (water cut)
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